2؉ . This exocytotic process requires the formation of trans SNARE complexes and is regulated by accessory proteins including the complexins. Here we report the crystal structure of a squid core complexin-SNARE complex at 2.95-Å resolution. A helical segment of complexin binds in anti-parallel fashion to the four-helix bundle of the core SNARE complex and interacts at its C terminus with syntaxin and synaptobrevin around the ionic zero layer of the SNARE complex. We propose that this structure is part of a multiprotein fusion machinery that regulates vesicle fusion at a late pre-fusion stage. Accordingly, Ca 2؉ may initiate membrane fusion by acting directly or indirectly on complexin, thus allowing the conformational transitions of the trans SNARE complex that are thought to drive membrane fusion.
Nerve terminals release neurotransmitters from vesicles into the synaptic cleft upon transient increases in intracellular Ca
2؉ . This exocytotic process requires the formation of trans SNARE complexes and is regulated by accessory proteins including the complexins. Here we report the crystal structure of a squid core complexin-SNARE complex at 2.95-Å resolution. A helical segment of complexin binds in anti-parallel fashion to the four-helix bundle of the core SNARE complex and interacts at its C terminus with syntaxin and synaptobrevin around the ionic zero layer of the SNARE complex. We propose that this structure is part of a multiprotein fusion machinery that regulates vesicle fusion at a late pre-fusion stage. Accordingly, Ca 2؉ may initiate membrane fusion by acting directly or indirectly on complexin, thus allowing the conformational transitions of the trans SNARE complex that are thought to drive membrane fusion.
Neurotransmitters are released by fusion of synaptic vesicles with the presynaptic plasma membrane upon transient increases in intracellular Ca 2ϩ . This exocytotic process requires members of the soluble N-ethylmaleimide-sensitive factor attachment protein receptor (SNARE) 1 protein family, which are essential for the fusion of vesicle (v) and target (t) membranes in many subcellular compartments and transport processes (1, 2) . v-and t-SNAREs must be positioned on opposing membranes to be functional in membrane fusion (3) . SNAREs exist in different conformational states, which may selectively interact with regulatory proteins such as nSec1 (4) .
Neuronal exocytosis depends on the formation of a binary complex composed of the t-SNAREs syntaxin and SNAP25, which then recruits synaptic vesicles to the plasma membrane by interacting with the v-SNARE synaptobrevin to form the ternary SNARE complex (5) . Ultrastructural and crystallographic data have shown that the core of the SNARE complex consists of a twisted, parallel four-helix bundle, where all transmembrane domains extend from the same end of the rodlike structure (6, 7) . Therefore, assembly of trans SNARE complexes from v-and t-SNAREs is thought to bring opposing membranes into close apposition (6 -8) . Upon bilayer fusion, cis complexes result, and are subsequently disassembled by Nethylmaleimide-sensitive factor (NSF) and soluble NSF attachment protein (␣-SNAP) for further rounds of membrane fusion (9, 10) . Liposome-based fusion assays suggest that SNARE complex formation is sufficient for membrane fusion in vitro (11) . Although core complex formation is promiscuous in vitro (12) , only compartment-specific SNAREs form fusogenic complexes (13) .
Recent studies have shown that neurotransmitter secretion involves two distinct pools of exocytosis-competent vesicles, which differ in their release kinetics (14) . This difference has been attributed to different extents of SNARE interaction prior to Ca 2ϩ -triggered membrane fusion (15) , and it has been suggested that fusion-competent SNARE complexes may not be fully assembled (15, 16) . The structural differences discriminating fusogenic from inactive SNARE complexes remained, however, unknown.
Complexins are associated with the neuronal SNARE complex in membrane extracts (17) and have been proposed to act as negative regulators of exocytosis (18) . In mammals, two complexin genes exist that exhibit distinct expression patterns (19) . A reduced expression of complexin II has been found in the cerebellum of schizophrenic patients (19) , and a selective loss of complexin II is observed in mice transgenic for the Huntington's disease mutation (20) . Single gene knockouts of complexin I and II show no dramatic phenotype in mice (21, 22) , but deletion of both complexin genes causes rapid postnatal death (22) . Electrophysiological studies on the doubly deficient neurons have revealed defects in excitation-release coupling that are accompanied by reduced Ca 2ϩ sensitivity of transmitter exocytosis (22) . This suggests that complexins may act as, or in concert with, a Ca 2ϩ sensor such as synaptotagmin (23) . Complexins may also induce oligomerization of full-length trans SNARE complexes (24) , which is consistent with the recruitment of multiple SNARE complexes at sites of membrane fusion (25) . Biochemical analyses have identified a minimal helical domain of complexins that interacts with syntaxin in the SNARE complex (26, 27) .
Here, we present the crystal structure of a core complexin-SNARE complex from the squid Loligo pealei, which shows interactions that are highly conserved between species, as deduced by comparison with the structure of a mammalian complexin-SNARE complex that was published after completion of this study (28) . Complexin binds in anti-parallel orientation to the assembled core SNARE complex, contacting both syntaxin and synaptobrevin. Interestingly, the complexin-SNARE complex interaction is not a typical coiled coil interaction. Only four layers of interactions are observed, whereas the rest of the complexin helix points away from the core complex into the solvent toward the C-terminal membrane proximal part of the SNARE complex. We suggest that the interaction of complexin with the assembled SNARE complex constitutes part of a multiprotein complex that keeps vesicles in a pre-fusion stage, before a Ca 2ϩ signal arrives.
EXPERIMENTAL PROCEDURES
Protein Expression and Purification-A truncated form of squid cpx (residues 25-98) was expressed in Escherichia coli cells BL21/pUBS as a maltose-binding fusion protein (MBP) using a pMal expression vector (New England Biolabs), which was modified to contain an N-terminal tobacco etch virus (TEV) protease cleavage site. Cells were lysed at 4°C by ultrasonication in a lysis buffer containing 20 mM Tris HCl, pH 7.2, 50 mM NaCl, 2.5 mM EDTA, 1 mM phenylmethylsulfonyl fluoride, and the cleared lysate was applied to an amylose column (Amersham Biosciences, Freiburg, Germany) and further purified following standard procedures. Complexin was released from MBP by TEV protease cleavage at a 1:200 (w/w) ratio overnight at 4°C. Complexin was then separated from MBP by ion exchange chromatography using a Mono-Q column (Amersham Biosciences) at 4°C equilibrated in lysis buffer.
The components of the squid SNARE core complex were cloned into expression vectors pRSET (Invitrogen) (Sb residues 25-104, Sn1 residues 4 -86, and Sn2 residues 126 -212) and pMal modified to contain a TEV protease cleavage site (Sx residues 183-265). All four chains were expressed separately in E. coli BL21/pUBS cells, and cultures were grown in parallel to yield an approximate stoichiometric ratio of SNARE components at the time of harvesting. Cell pellets were then mixed and lysed together by ultrasonication in the same lysis buffer as described above. Supernatants were cleared by centrifugation and MBP-Sx-containing complexes were purified on an amylose column in lysis buffer. An excess of MBP-Sx and noncanonical SNARE complexes were removed by Mono-Q (Amersham Biosciences) ion exchange chromatography in lysis buffer. MBP was then cleaved off from Sx by TEV protease treatment at a ratio of 1:100 (w/w) overnight. The SNARE complex was then further purified using a Mono-P chromatofocusing column (Amersham Biosciences) in a buffer containing 25 mM imidazole HCl, pH 7.4, and applying Polybuffer 74 (Amersham Biosciences).
The SNARE complex was mixed with a 2-fold molar excess of cpx for 1 h at 4°C, and the complex was purified by gel filtration chromatography on a Superdex 200 column (Amersham Biosciences) in a buffer containing 20 mM Tris/HCl, pH 7.2, 50 mM NaCl, 2.5 mM EDTA.
Crystallization and Data Collection-The final complex was concentrated to 12 mg/ml and crystallized by the hanging drop method from 4 -5.5% MPD (v/v), 7-8% PEG-550 monomethyl ether (w/v), and 20 mM ␤-mercaptoethanol. Crystals grew within 10 days at 20°C. For cryotreatment of the crystals, the drops were equilibrated against a reservoir solution containing 10% (w/v) MPD and 16% (w/v) PEG-550 monomethyl ether over a period of 24 -48 h and crystals were flashcooled in a gaseous nitrogen stream. For mercury derivatization, crystals were washed with 5% (w/v) MPD and 8% (w/v) PEG-550 monomethyl ether and equilibrated with 1 mM 4-(hydroxymercury)benzoate for 24 h (Table I, Table I ). The asymmetric unit contains one cpx⅐SNARE complex with a solvent content of 51%. Diffraction data were processed using the programs DENZO, Scalepack (29) , and Mosfilm (30) .
Structure Solution and Refinement-The structure of the neuronal squid cpx⅐SNARE complex was solved by molecular replacement employing the coordinates published for the neuronal rat SNARE complex (Protein Data Bank entry 1sfc; Ref. 7 ) as a search model. The three complexes from rat were superimposed and employed in all searches.
The program BEAST (31) was used to perform rotation function calculations including all data to high resolution (2.95-Å resolution), and a solution was obtained with a log-likelihood-gain score of 185 (3 above average; second highest peak LLG ϭ 144; as defined; Ref. 31) . With the stand-alone version of the program AmoRe (32) and data from 10 to 4 Å, an equivalent solution was obtained. As this program rotates the input coordinates of a search model to fit into a minimal box and translates it to superimpose its center of mass with the origin prior to calculations, the following model position was obtained: ␣ ϭ 96.9°, ␤ ϭ 76.8°, ␥ ϭ 353.0°with a correlation coefficient of 27.5% and a crystallographic R factor ϭ 57.1%, which was calculated after data expansion to P 1 (Table I ). The translation search was then performed employing the correlation-coefficient translation function with AMoRe, confirming P2 1 2 1 2 1 as the correct space group, which resulted in a clear peak with a correlation coefficient of 39.5% and R factor of 55.6%. A final rigid-body refinement with FITING (32) improved the correlation coefficient to 41.2% and the R factor to 53.5%. The input coordinates were then rotated and translated according to this solution and submitted to a simulated annealing step and positional/temperature factor refinement against the diffraction data from the mercury derivative (Table I) , employing maximum likelihood as criteria, after performing bulk solvent correction and anisotropic temperature factor refinement (R factor ϭ 37.5%; free R factor ϭ 49.1%) using the program CNS (33) .
Two mercury heavy atom positions were then located employing the program Shake-and-Bake (34) in the HMBT data set ( Table I) . The preliminarily refined model coordinates were employed to calculate difference-Fourier electron density maps (anomalous and dispersive) that confirmed these heavy atom sites and permitted finding of the correct handedness. The positions of the sites were independently confirmed by employing the program SHELXS (35) , after data preparation with XPREP. One site locates next to Sn1 Cys-21 and the other site is positioned next to Sn1 Cys-39 ( Fig. 2A) .
These two heavy atom positions were refined and experimental phases (SIRAS) were calculated using data to 3.3-Å resolution with MLPHARE (30) . The SIRAS phases (mean-figure-of-merit of 0.262 for all centric data) were merged with the phases obtained by molecular replacement (the latter computed to lower resolution (3.5 Å) to avoid excessive model bias) following A weighting and submitted to a density modification step with DM (30) with phase extension up to 2.95-Å resolution. Subsequently calculated A -weighted (2F obs Ϫ F calc ) type electron density maps permitted improvement of the initial model. The Hendrickson-Lattman coefficients obtained after the DM calculations where then employed to perform phase-restrained crystallographic refinement using the program CNS (33) and the native data set (Table I) .
Model building was done interactively with the program O (36) interspersed with conjugated gradient minimization, restrained individual B factor refinement as implemented in CNS (33) . The model was refined against the MLHL maximum likelihood target with the combined phases of the initial molecular replacement model and the mercury derivative as phase constraint. To detect model bias, composite annealed omit maps (33) were calculated at successive model building steps. A randomly chosen test set comprising 7% of the available data was used for R free calculation and isotropic bulk solvent correction was used during refinement. Water molecules were built into positive difference density peaks (Ͼ3 ) that showed reasonable protein-solvent hydrogen bonding distances. In the final stage of refinement, a maximum likelihood target and model phases alone were used. The final model contains residues, Sb 33-98, Sx 183-259 plus the peptide GKSAS at the N terminus, Sn1 11-83, Sn2 136 -210, and cpx 49 -76, and 23 water molecules. The model exhibits good stereochemistry with one Ramachandran plot (37) outlier (Ala-4 in the extra pentapeptide of Sx) ( Table I) and was refined to an R factor ϭ 29.7 and R free ϭ 34.4. The final R factors are higher than expected because of the following reasons: (i) the model lacks 88 residues of 407 (22%); (ii) the best data set used for the refinement is anisotropic and has a Wilson plot B factor of 79.04 Å 2 . (iii) the C-terminal half of the SNARE complex beyond layer ϩ1 is poorly defined with clear main chain density, although lacking defined density for a number of side chains as evident in omit maps (59 residues were modeled as Ala); (iv) the increased flexibility of the C-terminal half of the SNARE complex (beyond layer ϩ1) is also evident in the higher average B factor for this region (108 Å 2 ) compared with the other half of the molecule, which shows an average B factor of 64 Å 2 . Coordinates have been deposited in the Protein Data Bank (Research Collaboratory for Structural Bioinformatics, Rutgers University, New Brunswick, NJ) under accession code 1L4A.
Structure Analysis-Figs. 1a, 3, and 4a were generated using the programs MOLSCRIPT (38) and Raster 3D (39) . Fig. 4b was drawn with the program GRASP (40) . Secondary structure elements were assigned using the program DSSP (41) (Figs. 1 and 4a) .
Circular Dichroism-The thermodynamic stability of the squid SNARE complex (0.14 g ml Ϫ1 ) and the cpx⅐SNARE complex (0.15 g ml Ϫ1 ) in 50 mM potassium phosphate, pH 7.2, was recorded by monitoring the CD signal at 220 nm in the temperature range of 20 -88°C. Units were converted to residue ellipticity. The measurements were performed in a 1-mm cell on a Jasco J-810 spectropolarimeter equipped with a thermoelectric controller.
RESULTS AND DISCUSSION
Structure Solution and Overall Topology-We expressed and purified a heterotrimeric complex formed by the soluble fragments of the squid neuronal proteins syntaxin (Sx), the N-and C-terminal SNARE motifs of SNAP-25 (Sn), and synaptobrevin (Sb), which correspond to the previously defined rat SNARE sequences involved in core SNARE complex formation (42) . The heterotrimeric squid SNARE complex was then bound to a minimal squid cpx construct, which is similar to one defined previously (26) and crystallized in space group P2 1 2 1 2 1 . The structure was solved by molecular replacement using the rat SNARE complex coordinates as a search model and a native data set collected to 2.95-Å resolution (Table I) . Subsequently, SIRAS phases from a mercury derivative were combined with phases obtained by molecular replacement to minimize the model bias (Table I) . Diffraction data from native and mercuryderivatized crystals showed considerable anisotropy, which is also reflected in the high overall Wilson plot B factor (Table I) . Extra electron density in F o Ϫ F c maps could be unambiguously attributed to cpx (Fig. 1B) . The final model comprises Sb residues 33-98, Sx residues 183-259, and SNAP-25 residues 11-83 (Sn1) and 136 -210 (Sn2) as well as cpx residues 49 -76. Because of the expression of Sx as a fusion protein, an extra N-terminal pentapeptide (GKSAS) is well defined and involved in crystal packing. 42 SNARE protein residues as well as 46 cpx residues from their respective N-and C-terminal ends could not be modeled because of local disorder in the crystal. The overall structure of the squid neuronal SNARE complex shows a parallel 117-Å four-helix bundle with a left-handed superhelical twist, similar to the neuronal rat core complex (7) (Fig. 1A) .
C-terminal residues from Sn1 (residues 76 -83) and Sx (residues 250 -259) are not in an ideal helical conformation (Fig.  1A) . Complexin residues 49 -73 form a 36-Å ␣ helix oriented anti-parallel to the four-helix bundle of the SNARE complex. Its C terminus contacts both Sx and Sb (Figs. 1A and 3) , whereas the remaining part of the helix is positioned next to the Sb helix and points into the solvent with increasingly high B factors toward its N terminus.
Structure of Complexin and Its Interaction with the SNARE Complex-The core cpx fragment forms an ␣ helix from residues Asn-49 to Tyr-73, followed by an abrupt turn mediated by Gly-74, with residues 75 and 76 packing anti-parallel to its own helix and parallel toward the Sb helix in an extended conformation (Fig. 1A) . The C-terminal end of the helix, together with the turn, forms the closest contact to the SNARE complex with interactions between layers Ϫ3 and ϩ1 (Fig. 2a) . At layer Ϫ3, cpx Lys-72 forms a salt bridge to Sx Asp-221, and cpx Tyr-73 hydrogen-bonds to Sx Asp-221 as well as Sb Arg-56 (Fig. 3a) . These polar interactions shield off hydrophobic interactions involving cpx residues Tyr-73, Ile-69, and Met-65, which interact with Sb residues Val-59 (layer Ϫ2) and Leu-63 (layer Ϫ1) (Fig. 3b) and Sx residues Met-218 (layer Ϫ3) (Fig. 3a) and Leu 225 (layer Ϫ1) (Fig. 3b) , respectively. The binding is further stabilized by an extensive network of polar interactions, at the ionic 0 layer (Figs. 2a and 3b) . There, cpx Arg-62 and Arg-66 form salt bridges to Sb Asp-66 and cpx Arg-66 hydrogen-bonds to Sb Ser-67 (Fig. 3c) . Beyond this 0 layer interaction, cpx Glu-59 hydrogen-bonds to Sb Ser-70 (layer ϩ1). The total number of hydrophobic and polar interactions allows the formation of a stable complex, where the buried surface covers 1140 Å 2 , which is in agreement with the high affinity binding of rat cpx to the SNARE complex (27) . The N-terminal helical segment of cpx starts at residue 49 in our structure, although biochemical and structural data indicate a helical conformation for rat cpx proteins starting at residue 29 (26) . We therefore suggest that the cpx helix from squid extends N-terminally up to the Cterminal end of the SNARE complex as observed in the rat cpx⅐SNARE complex structure (28) in a highly flexible fashion and is thus not visible in the squid structure. The cpx helix points away from the four-helix bundle axis of the SNARE complex forming an angle of 5°. Its packing toward the SNARE complex increases the diameter of the bundle at its C-terminal end from 16 to 24 Å and at its N-terminal end from 17 to 29 Å (distances measured between C␣ atoms), which indicates that the diameter of the SNARE complex bound to cpx is at least 29 Å at the membrane-proximal part of the SNARE complex, assuming that the path of the cpx helix is straight. The Nterminal end of the cpx helix is close to the Sb helix, and its N-terminal extension is probably also close to Sb at the membrane-proximal region of the SNARE complex (Fig. 1a) .
Rat cpx I and II and squid cpx show 34 and 38% sequence identity, respectively, which is most pronounced within the predicted helical region of cpx (26) (Fig. 2b) . All cpx residues as well as Sx and Sb residues involved in cpx binding are conserved among squid and rat (Fig. 2, a and b) . Indeed, there seems to be only one additional interaction by cpx I Tyr-52 and the rat SNARE complex (28) . Squid cpx as well as rat cpx II exhibit a His residue at this position (Fig. 2b) , indicating that the interaction with Tyr-52 may not be crucial. The binding to Sx has been delineated previously, and our structural analysis of the binding mode of cpx is consistent with the reported specificity of cpx binding to certain Sx members (26) . The sequence alignment also shows that residues involved in SNARE core complex binding are identical (six residues) or highly similar (two residues) between cpx I and II (Fig. 2b) , further substantiating that the mammalian isoforms may be able to substitute for each other. This is also in agreement with the data obtained from single gene deletions in mice, which show little (cpx I) or only a comparatively mild (cpx II) phenotype (21, 22) , whereas homozygous cpx I and II (Ϫ/Ϫ) double knockouts are lethal (22) .
It should be noted that our structure of bound cpx lacks the more divergent N-and C-terminal regions (Fig. 2b) , which conceivably may also contact the SNARE core complex in vivo or other accessory molecules of the fusion machinery. These missing N-and C-terminal ends may be involved in the cpxmediated oligomerization of trans SNARE complexes, which requires full-length SNAREs (24) . A peptide corresponding to squid cpx residues 62-78 has been shown to completely block synaptic transmission when injected into the pre-synaptic terminal of the squid giant synapse, a protocol that may interfere with either cpx-mediated SNARE oligomerization (24) or with Ca 2ϩ sensitivity (22) . The highly conserved region of the peptide overlaps with the residues of cpx that interact with the core SNARE complex (Fig. 2b) and may therefore constitute the minimal SNARE binding sequence.
The observed binding mode of cpx suggests additional functional roles for the ionic 0 layer of the SNARE complex, whose contacts have been originally proposed to ensure register specificity of the folded four-helical bundle (7) . Although the importance of its asymmetric integrity for exocytosis remains unclear (43) (44) (45) (46) , the ionic layer is required for the proper dissociation of the cis SNARE complex by ␣-SNAP and NSF (44) . Our structure confirms a previous observation that cpx competes with ␣-SNAP for binding to the SNARE complex at the 0 layer region (17, 24) . This may imply further that cpx is already released from cis SNARE complexes in the post-fusion state.
Comparison of Rat Core and Squid Complexin-bound SNARE Complexes-Neuronal SNARE proteins from squid and rat show a high degree of sequence conservation in their respective SNARE motifs. Amino acid identities within the SNARE motifs range from 68 to 91% (Fig. 2a) , thus allowing for a detailed comparison of both structures, which appear to be very similar (7) . Indeed, the backbone atoms of the rat (complex I) and squid SNARE complexes can be overlaid with an overall r.m.s.d. of 0.6 Å, when considering the region between hydro- FIG. 2 . a, alignment of squid SNARE sequences from Sb, Sx, Sn1, and Sn2, present in the crystal structure, and their respective rat SNARE complex sequences. The positions of heptad repeat layers are indicated based on the rat SNARE complex structure (7) and our squid SNARE complex structure. The residues contacting cpx are marked with asterisks. Sequence identities between rat and squid chains are 91% for Sb, 87% for Sx, 79% for Sn1, and 68% for Sn2 considering only the SNARE motifs (layers Ϫ7 to ϩ8). Hydrophobic layers are highlighted in gray, and the numbering is according to the squid sequences. b, sequence alignment of rat cpx I and II and squid cpx. The residues present in the structure are shown, and the construct used in crystallization is indicated as dashed lines. Residues contacting Sx and Sb are marked with asterisks. Identical residues are highlighted in black boxes, and similar residues are shaded in gray. The numbering is according to the squid sequence.
phobic layers Ϫ6 and 0 only (Figs. 2a and 4b) . Because of the flexibility of the ends of the core complex, the N termini of all four chains deviate substantially up to the hydrophobic layer Ϫ7. Therefore, the r.m.s.d. values between the rat complexes I, II, and III and the squid complex vary between 1.7 Å (rat complex II), 2.3 Å (rat complex III), and 2.6 Å (rat complex I) matching all main chain atoms (Fig. 4a) . This may be partly because of the sequence divergence of squid and rat SNARE proteins in this region (Fig. 2a) . Both rat and squid core complexes exhibit a helical arrangement for their respective Sx and Sn1 N termini, although their helical path differs considerably. In the squid structure, the N termini of both Sb and Sn2 form an extended conformation, whereas the N terminus of Sb points away from the helical arrangement and forms a crystal contact. The N-terminal Sn2 residues 136 -146 fold back upon their N-terminal helix (residues 147-155), a feature identical to the one observed in case of rat Sn2 (Fig. 4A and Ref. 7) , whereas the corresponding part of Sb was disordered in the rat crystal structure.
The hydrophobic packing of the squid SNARE complex is tight and well defined between hydrophobic layers Ϫ7 to ϩ1 (Fig. 2A) . Beyond layer 1 and in the direction of the C terminus, both rat and squid structures diverge slightly (Fig. 4A) . There, the central interactions of the four-helix bundle of the squid complex are poorly defined, which is also reflected by high temperature factors in the C-terminal part of all four SNARE chains, whereas the membrane-distal part of the squid SNARE complex has the same rigidity. In contrast, the C-terminal hydrophobic layers were well defined in the rat SNARE complex structure (7) as well as in the mammalian cpx⅐SNARE complex structure (28) . We cannot exclude, however, that the observed differences in the membrane proximal part arise solely from a local disorder in the crystal.
The higher flexibility may also reflect an adaptation of the cold-blooded squid Loligo pealei to the cold habitat to save extra energy expense for an unnecessary rigid SNARE complex. This hypothesis is in line with a lower melting temperature of the squid SNARE complex of 73°C (data not shown) compared with 82°C of the corresponding rat complex (47) . Complexin has no apparent effect on the thermostability of the SNARE complex, as it dissociates from the complex already at approximately 50°C (data not shown).
In addition, both rat and squid SNARE complex structures FIG. 3 . cpx interacts with the SNARE protein chains Sb and Sx between layers ؊3 and ؉1. Close-up views of the three major cross sections of cpx⅐SNARE complex interactions. For clarity, only hydrophobic layer residues and contact residues are shown. Polar interactions are indicated as dashed lines. a, cross-section of hydrophilic and hydrophobic interactions at layer Ϫ3. Complexin Tyr-73 packs anticlockwise against Sx Met-218 and Sb Arg-56 following the classical "knobs into holes" arrangement. b, cross-section of predominately hydrophobic interactions at layer Ϫ1. Note that the cpx helix is closer to the Sb helix than to the Sx helix, and the packing deviates from the "knobs into holes" arrangement. c, cross-section of interactions at the ionic 0 layer, which are mostly hydrophilic. The hydrogen bond distances are indicated for the SNARE residues. exhibit a predominantly negatively charged surface (7) and, interestingly, the same charge distribution is conserved in the cpx structure (Fig. 4B ). This strongly implies that the negative surface charge of the rodlike structure, which at one point may be sandwiched in between two membranes, may play a distinct role in the membrane fusion process.
The Complexin-SNARE Complex: A Role in Membrane Fusion?-The action of cpx has been strongly linked to the increase in intracellular Ca 2ϩ (22) , which triggers neurotransmitter exocytosis. Our structure of cpx bound to the SNARE complex indicates that SNARE complexes are formed before a Ca 2ϩ signal arrives (15, 27, 48) , which is in contradiction to previous reports suggesting that Ca 2ϩ also controls SNARE complex formation (49, 50) . In addition, kinetic data show that cpx binding occurs rather rapidly independent of Ca 2ϩ ions and no binding was observed to individual SNARE proteins or to the binary syntaxin-SNAP-25 complex (27) , which is consistent with the structural data reported here.
A slight stabilization of the C-terminal part of the SNARE complex was reported upon cpx binding, which was speculated to be essential for membrane fusion (28) . However, it is unlikely that this stabilization plays a crucial role as the core complex constitutes already an extremely stable protein complex (42) . In addition, no cpx homologues are known to regulate other SNARE-mediated intracellular fusion processes. Furthermore, fusion proteins of enveloped viruses for which fusion protein core structures indicate mechanistic similarities to intracellular fusion processes (51) exhibit a high thermostability similar to that for SNARE complexes (52) and do not require further stabilization for function.
It is tempting to speculate that the trans SNARE⅐cpx complexes together with other accessory factors such as the potential Ca 2ϩ sensor synaptotagmin may regulate membrane fusion by arresting docked vesicles at a late pre-fusion stage without the appropriate Ca 2ϩ signal. This is supported by different findings. First, cpx binds only to an assembled SNARE complex (27) , indicating that the apposition of vesicle and target membranes that is thought to drive membrane fusion (6, 7) must take place prior to cpx binding. Second, the injection of a cpx peptide, corresponding roughly to the helical segment present in the crystal structure, into squid neurons blocks exocytosis (24) , suggesting that this peptide competes with full-length cpx for binding to assembled SNARE complexes and thus prevents important functions mediated by the missing N-and C-terminal parts of cpx. Third, cpx is absolutely essential for normal neuronal development, as homozygous knockout mice are not viable and show a defect in Ca 2ϩ triggered exocytosis (22) . Fourth, in the cpx knockout mice, vesicles are docked and their content can be released by hypertonic sucrose treatment, indicating that other factors than cpx may also block release. Fifth, the C-terminal ends of SNAP25 proposed to interact with synaptotagmin I (53) are fully accessible on the cpx⅐SNARE complex (Fig. 1a) , consistent with both cpx and synaptotagmin being able to bind simultaneously.
Based on these results, we suggest the following sequence of events in SNARE complex action, in accordance with previous reports (2, 6, 11, 27, 54, 55) (Fig. 5) . Syntaxin is released from nSec1 and forms a binary complex with SNAP-25 and a ternary complex with synaptobrevin upon vesicle docking (5) (Fig. 5,  panel i) . Initially, the assembly of trans SNARE complexes results in an equilibrium of "loosely" and "tightly" folded states, which correspond to the "unprimed" fusion incompetent and "primed" fusion-competent SNARE complexes deduced from functional studies (15) (Fig. 5, panel ii) . The folding of the trans SNARE complexes into the primed state provides the energy for apposition of vesicle and plasma membranes as previously suggested (6 -8) . Complexin then stabilizes the primed SNARE complexes together with other accessory factors such as synaptotagmin, forming a multiprotein complex, which may regulate membrane fusion in a Ca 2ϩ -dependent manner at a late prefusion state (Fig. 5, panel iii) . It is also conceivable that this arrangement could facilitate the formation of membrane stalks, in which the outer membrane leaflets are already mixed (2, 56) . Such pre-formed stalks, where completion of membrane fusion is inhibited, could provide a mechanism for an extremely fast exocytotic burst, as pre-assembled primed complexes may readily initiate fusion upon rising intracellular Ca 2ϩ levels. In addition, such complexes may oligomerize, in agreement with the requirement for at least three SNARE complexes at the site of fusion (25) . A subsequent rise in intracellular Ca 2ϩ may act directly or indirectly on cpx, the SNARE complex (57) , and the potential Ca 2ϩ sensor synaptotagmin (58) . The fusion reaction is proposed to be driven by completion of SNARE assembly into the lowest energy state, followed by its transition to the cis complex, a process that may provide sufficient energy for initial lipid mixing and fusion pore opening (59) (Fig. 5, panel iv) .
Completion of SNARE assembly into the low energy state may also involve rearrangements of linker sequences toward the FIG. 5 . SNARE⅐cpx binding and membrane fusion. Sx, red; SNAP-25, green; Sb, blue; cpx, yellow. Panel i, upon vesicle docking, Sx is released from nSec1 and ternary complex formation starts. Panel ii, this may initially lead to an equilibrium of "loosely" and "tightly" folded trans SNARE complexes in between two opposing membranes, characterizing the unprimed fusion-incompetent and the primed fusion-competent states, respectively. Panel iii, complexin binds to the fully assembled primed SNARE complex, which may include oligomerization of trans SNARE complexes as well as the binding of the proposed Ca 2ϩ sensor synaptotagmin, representing a late pre-fusion state. A rise in intracellular Ca 2ϩ may then induce conformational changes in the fusion machinery, which will lead to fusion pore opening and complete membrane fusion (panel iv). Complexin may dissociate from the SNARE complex at this stage; alternatively, cpx may stay associated with the SNARE complex during fusion and dissociate only upon NSF and ␣SNAP action.
transmembrane regions and the transmembrane segments themselves, which both have been implicated in bilayer fusion (13, 60) . Finally, after membrane fusion, free cis SNARE complexes are dissociated by ␣-SNAP and NSF and thus prepared for further rounds of membrane recycling events (2, 54) . Although our model proposes cpx to dissociate from the SNARE complex upon Ca 2ϩ influx, cpx could also stay associated with the SNARE complex during membrane fusion and may only dissociate upon ␣-SNAP action (17, 24) . The structure of cpx bound to the SNARE complex presented here now provides a framework to test this hypothesis.
